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Abstract: Two-photon fluorescence microscopy (TPM) is now being used
routinely to image live cells for extended periods deep within tissues,
including the retina and other structures within the eye . However, very low
laser power is a requirement to obtain TPM images of the retina safely.
Unfortunately, a reduction in laser power also reduces the signal-to-noise
ratio of collected images, making it difficult to visualize structural details.
Here, image registration and averaging methods applied to TPM images of
the eye in living animals (without the need for auxiliary hardware)
demonstrate the structural information obtained with laser power down to 1
mW. Image registration provided between 1.4% and 13.0% improvement in
image quality compared to averaging images without registrations when
using a high-fluorescence template, and between 0.2% and 12.0% when
employing the average of collected images as the template. Also, a
diminishing return on image quality when more images were used to obtain
the averaged image is shown. This work provides a foundation for
obtaining informative TPM images with laser powers of 1 mW, compared
to previous levels for imaging mice ranging between 6.3 mW [G.
Palczewska, Nat Med. 20, 785 (2014)] and 9.5 mW [R. Sharma, Biomed.
Opt. Express 4, 1285 (2013)].

©2016 Optical Society of America

OCIS codes: (170.3880) Medical and biological imaging; (170.2520) Fluorescence
microscopy; (100.2960) Image analysis.
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Abbreviations

TPM, two-photon fluorescence microscopy; NV, normalized variance; RPE, retinal
pigmented epithelium; SNR, signal-to-noise ratio; MPE, maximum permissible exposure

1. Introduction

Two-photon fluorescence microscopy (TPM) is a powerful tool for imaging and diagnosing
the health of the retina [1, 2]. In TPM a fluorescent signal is induced by the simultaneous
absorption of two photons, enabling the use of wavelengths twice as long as would be
required to induce single photon fluorescence. The longer wavelengths associated with two-
photon imaging penetrate deeper into tissue than single photon fluorescence allows [3]. In
two-photon imaging the fundamental imaging depth limit is at such a distance within a tissue
where further increases in the excitation power do not improve imaging contrast. This loss of
contrast deep within thick absorbing or scattering samples occurs because signaling from
fluorophores located within the focal volume is overwhelmed by that from fluorophores
located closer to sample surface and excited by scattered light [4]. Using photon transport
mean-free-path length (L) in the retina for 750 nm light at 1.2 mm (L = 0.27 mm at 400 nm)
based on previous reports of bovine retina [5, 6], the estimated maximal imaging depth is 2.4
mm - more than enough to penetrate the mouse retina. Taking into account dramatically
shorter mean free paths in the RPE and choroid, the theoretical maximum depth is 0.44 mm,
still sufficient to image mouse retina and RPE. This long penetration depth previously
allowed collection of two-photon images of the RPE created by endogenous fluorophores [7].
The two-photon effect also is required to non-invasively induce fluorescence of
endogenous fluorophores in the retina through the pupil, because the human cornea [8] and
lens [9, 10] block shorter wavelengths of light [11] needed to excite such fluorophores by
single photon absorption. Moreover, because of the time and spatial constraints required for
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two photon-induced fluorescence, the signal is confined to the focal plane, reducing
fluorescence from unwanted depths. However, small two-photon absorption cross-sections
[12] necessitate a large photon flux to generate an imaging signal, which can result in tissue
alteration. Moreover, tissue movements during live animal imaging reduces the efficacy of
signal averaging and obstruct identification of biological structures [13, 14].

Obtaining TPM images with low laser power is critical to its safe application for clinical
retinal imaging [13, 15-18]. Previously reported images of the RPE in live animals were
obtained with 6.3 mW stimulation [2]. Even with advances in hardware to improve TPM
efficiency, e.g. use of ultra-fast pulsed lasers [19], complementary software techniques will be
required to reduce radiant exposure and improve the signal to noise ratio. Signal averaging of
collected images can greatly improve their clarity. However, to apply averaging to TPM
images, several questions must be answered. These include whether successful image
registration can be obtained under noisy conditions, and how low a laser power can be used.

Image registration can permit a series of images to be averaged and bring features into
alignment, even when local and non-linear perturbations occur between registered images
[20]. Previous two-photon fluorescence studies of the retina in vivo utilized between 5000 and
21600 images for averaging [13, 21, 22] with laser powers between 2.6 mW and 14 mW.
Many single-photon studies and all previous two—photon imaging studies of in vivo retina [13,
14, 21-25] employed a common registration method [26]. Briefly, this method maximizes the
cross-correlation between images utilizing fast Fourier transform calculations over thin
horizontal slices of image frames. But, the inability to register in the presence of torsional or
rotational distortions is a limitation of this method [14, 25]. Moreover, this method also
mandates the use of a template image on which subsequently collected frames can be aligned,
a need commonly achieved using auxiliary reflectance imaging [21-25, 27, 28]. An
alternative registration algorithm is derived from two-photon fluorescence neuronal imaging
[29]. This method is generally applicable but was specifically designed for two-photon
fluorescence imaging. It makes no assumptions about the type of motion that needs
correction, so it even can handle rotational motion and was demonstrated to handle 10 pm
motions [29].

Multiple types of motion of varying frequency and magnitude can affect images collected
in vivo. During in vivo single-photon fluorescence imaging of human photoreceptors, a root
mean square displacement from the template image of 26.9 um was obtained [14]. The
median rate of microsaccades in humans with and without macular disease are 2.48 and 1.49
per second [30]. The median amplitude of microsaccades is 52.96 arc min and 14.96 arc min
for diseased and healthy subjects, respectively [30]. Microsaccades occur erratically every 0.2
up to 4.0 seconds [31] with a range of amplitudes, 2.2 to 25.8 arc min in healthy subjects [31,
32]. The median amplitude of slow drifts is 7.64 for healthy subjects [30]. Drift amplitudes
range from 1.0 to 5.0 arc min, with between 2 and 5 per second. Tremors occur with a
frequency of approximately 70 Hz [31, 32]. The tremor median amplitude is 17.5 arc sec [31],
roughly the diameter of a human foveal cone [32] at 4-5 um [20, 33]. Eye movement during
in vivo imaging of anesthetized mouse retina is minimal whereas respiration creates the most
movement [2]. Displacements from this respiration rate typically fall within 10 pm [29], with
breathing occuring 145 times per minute [2]. The result of all these motions is that, without
registration, biological structures are not discernible in the averaged image [13,20].

We hypothesized that TPM imaging data collected with low laser powers contains
sufficient information to distinguish RPE cells. Therefore, TPM image data sets of RPE were
collected with laser powers near-to those previously reported and below - down to ImW. We
show the effect of image averaging and registration on these data sets as well as images of
retina capillaries injected with fluorescent dye. RPE cells are visible in images collected with
1 mW of laser power. Lastly, the decreasing benefit of adding additional images to the
average image is demonstrated.
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2. Methods
2.1 Implementation

The Ruby programming language [34] was used to implement our described image
processing techniques. The software is available upon request. Additional libraries included
the RMagick library for reading and writing images [35].

2.2 Mice for RPE image acquisition

RPE65—/— mice were generated and genotyped as previously described [36]. Mice were
housed in the animal facility at the School of Medicine, Case Western Reserve University,
where they were maintained on a normal mouse chow diet in a 12 h light (~10 lux)/12 h dark
cyclic environment. All animal procedures and experiments were approved by the Case
Western Reserve University Animal Care Committee and conformed to both the
recommendations of the American Veterinary Medical Association Panel on Euthanasia and
the Association for Research in Vision and Ophthalmology. RPE65—/— mice used in this
study were 2—3 months old.

2.3 Mice for retinal capillary imaging

C57BL/6J pigmented (WT) mice were purchased from The Jackson Laboratory (Bar Harbor,
Maine). In a subset of animals, diabetes was induced in 2 month old mice by five sequential
daily intraperitoneal injections of a freshly prepared solution of streptozotocin in citrate buffer
(pH 4.5) at 60 mg/kg of body weight. Before imaging, mice were injected with FITC-bovine
serum albumin (BSA) into their tail veins. All mice were housed, and all regulatory
requirements were satisfied as described above. WT mice used in this study were 4-6 months
old.

2.4 Imaging by TPM

Before imaging, mice were anesthetized with an intraperitoneal injection of a solution
consisting of ketamine (16.5 mg/mL) and xylazine (1.65 mg/mL) diluted in sterile water at a
dose of 0.008 — 0.012 uL/g body weight. Mice were located on a heated mechanical stage for
imaging. Corneal lubrication was maintained with a thin layer of GenTeal gel (Novartis, NJ)
squeezed between the cornea and a contact lens with zero refractive power. TPM images of
the RPE in RPE65—/— mice were collected as previously described [36] using 750 nm
excitation beam. Laser-powers for RPE image acquisition experiments were 6.2 mW, 3.2
mW, 2.1 mW, 1.5 mW, and 1.0 mW. At each laser power, 150 images were collected. For
RPE images, in addition to the 150 images collected for each laser power, an “ideal” template
was collected for each of the five image sets using 31 mW of laser power (Fig. 9).

Retinal capillaries in C57BL/6J mice were imaged with 800 nm excitation light, 20-60
min after injection with FITC-BSA and application of a contact lens with a flat front, as noted
previously [2]. Images of retinal capillaries were collected with a laser-power of 5 mW.
Based on previous studies [1, 2], 5 mW was expected to provide strong fluorescence without
damaging the retina, making capillaries visible in images. The purpose is to be able to
demonstrate improvement in imaging capillary detail, which is important for evaluating
progress in diabetic retinopathy.The number of images collected for each of the four series
was 10, 5, 20, and 40. Obtaining differing number of images is due to the nature of in vivo
imaging and is common in such imaging studies [14, 21-25, 27]. Each of the nine reported
imaging series (five image series of RPE collected at different laser powers and four image
series of retina capilaries) was derived from a single mouse, and each referred-to averaged
image was derived from one of the nine image series. The time to obtain one imaging frame
was 1.2 seconds. Images were collected at a resolution of 512x512 pixels, with a scale of 1.9
pum per pixel.
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2.5 Image registration

The image registration method used for all image registration tasks is described in detail by
Greenburg et al. [29], based on the well-known method of Lucas and Kanade [37]. The
protocol for image registration was as follows (Fig. 1). First, the image of interest, /, and
template, 7, to which 7 will be registered were smoothed, as previously described [14].
Smoothing was accomplished by setting each pixel to the average of all pixels not more than
two rows or columns away from the current pixel. Second, / and 7 were globally translated by
Fourier transform based rigid alignment, which maximizes the correlation between images.
This reduces the burden on the subsequent non-rigid iterative registration step [14, 20]. Third,
the number of support points defines the resolution at which different regions of the image
can move independently of one another and the number of parameters being optimized. Here,
the number of support points was set to the number of pixel rows in the images, similar to
previous work [29]. Iterative image registration optimized the correlation between / and T.
After the non-rigid registration in step three, the entire protocol was repeated for a second
round, using the alignment results of the first round. The second round was performed
without smoothing of 7 or /. Smoothing was performed in the first round to bring the major
features into alignment so the second round could bring the details into alignment without
smoothing. After registration, the images were averaged together by calculating the average
intensity for each pixel over all the images.

A template must to be defined to which the images will be aligned. Three templates were
explored here. For images of RPE, an “ideal” template was collected with high-laser power.
For images of retina vasculature, a manually selected single image from the set of images
served as a template. The third template originated from averaging the set of images without
registration, and using that averaged image as the template for registration. To generate the
average template for an image series, all images from the series were included in the average.
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Fig. 1. Flow chart of alignment procedure. A) A template image is obtained either from
averaging all images in a series together without alignment, or a highly fluorescent image. B)
The image of interest is aligned to the template image in a three step procedure. 1) Both the
image and the template are blurred by averaging a two pixel radius around each pixel. 2) The
orientation of the image maximizing its cross correlation with the template is determined using
Fourier transform- based alignment. 3) The non-rigid registration algorithm based on Lukas
and Kanade is used to register the image to the template. D) Steps B and C are repeated for
every image in an imaging series producing a set of aligned images. These images are then
averaged together to produce the average image.

2.6 Image quality

Image quality was quantified with the normalized variance (NV) quality measure, which has
been shown to be a well-behaved measure of image quality even under noisy conditions, with
a larger NV indicating better quality images [38—40]. In addition, NV was demonstrated to
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select better quality images during optimization of wavefront sensor free adaptive optics for
in vivo two-photon fluorescence retina imaging [2]. NV is calculated by Eq. (1):

N =35 (i) - M

(HW )

where H is the height of the image, W is the width of the image, p is the average image
intensity, and i(w, /) is the intensity of the pixel at location (w, &).

To complement the NV values, signal-to-noise ratios (SNRs) also were calculated as a
metric for the images [41]. For fluorescence microscopy, and assuming shot noise limited
detection, the SNR can be calculated by Eq. (2):

SNR =L )

JN

where N is the number of detected photons [42, 43]. Here, we used the measured pixel
intensity values as N, because these values are directly related to the number of detected
photons in our experiments. A value of 256 indicates saturation.

2.7 Image brightening

The present main goal for collecting two-photon fluorescence images of the retina is to
distinguish biological structures. A common practice is to increase image pixel intensities so
that the biological structures can be better visualized [19, 44]. Here, images of RPE were
brightened by scaling all the intensities from 0 to max pixel intensity.

2.8 Estimation of significant changes in NV

For each of the nine total data series of RPE and vasculature, a single average-image was
obtained for each registration condition (no registration; using an “average” template; using a
single-image template) for which the NV was calculated. Having single resulting images
creates a challenge for determining when changes in NV are statistically significant. Visual
examination is one method that could be used for comparing images to see if there is an
obvious qualitative improvement in image quality. However, a quantitative estimate for the
standard deviation around the NV values would be even more desirable. Therefore, we
calculated a rough estimate of the standard deviation for the NV values of the averaged-
images, by assuming the standard deviation in NV values for average images is similar to the
standard deviation in NV values for single images. First, the NV value for all images in a data
series was calculated. Second, the means and standard deviations of the NV values in that
data series were determined, and then those two values were used to obtain the ratio of the
standard deviation to the mean for that data set. This ratio was calculated for all data series,
and then the average ratio was calculated. This number was multiplied by 100 to determine
the average percent the standard deviation was of the mean. This averaged ratio of standard
deviation to mean was 1.8% (standard deviation 0.6), in good agreement with a previously
published value of 1% for a standard deviation of the NV for sequentially collected images
[39]. Based on this result, we suggest NV changes are significant when they are 1.8% or
greater of the initial NV value (bold values, Tables 1 and 2).

3. Results
3.1 Single and average images without registration

Images of RPE were collected with laser powers at 6.2 mW, 3.2 mW, 2.1 mW, 1.5 mW, and
1.0 mW (Fig. 2, Fig. 3). As the laser power decreased, RPE cells became indistinguishable
from noise in single images (Fig. 2(A), 2(C), 2(E); Fig. 3(A), 3(C)). For each laser power,
150 images were collected. Upon averaging these 150 images, even without any registration,
the RPE cells could be distinguished (Fig. 2(B), 2(D), 2(F); Fig. 3(B), 3(D)).
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Images of the retina vasculature were collected with TPM after injecting fluorescent dye
(Fig. 4). Due to the highly fluorescent dye used, all of these images displayed strong vascular
contrast. With the increased fluorescence and fine capillary structures, compared to the RPE
images, the blurring of structures after averaging the images without registration is evident
(Fig. 4(B), 4(D), 4(F), 4(H)).

A

Fig. 2. Single images collected with laser powers of A) 6.2 mW, C) 3.2 mW, E) 2.1 mW. On
the right are images resulting from averaging 150 images collected with laser powers of B) 6.2
mW C) 3.2 mW, F) 2.1 mW. To reveal image content better, images were brightened as
described in Methods.
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A. B.
C. D.

Fig. 3. Single images collected with laser powers of A) 1.5 mW, C) 1.0 mW. On the right are
images resulting from averaging 150 images collected with laser powers of B) 1.5 mW D) 1.0
mW. To reveal image content better, images were brightened as described in Methods.
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Fig. 4. Images collected of retina vasculature. A), C), E), G) Single images. Average of B) 9,
D) 5, F) 20, H) 40 images without any registration. All images were collected at 5 mW of laser
power.

3.2 Registration to an average image template and registration to a single-image template

An “average” template was created by averaging the 150 images together, without any
registration (Fig. 2(B), 2(D), 2(F); Fig. 3(B), 3(D)). The 150 images were then averaged after
being registered to the “average” template (Fig. 5(A), 5(C), 5(E); Fig. 6(A), 6(C)) and the
“ideal” template collected with 31 mW of laser power (Fig. 5(B), 5(D), 5(F); Fig. 6(B), 6(D)).
Comparison of the average image derived from each of the two templates showed little
qualitative difference in the resulting averaged image (Fig. 5, Fig. 6). The decrease in NV due
to using the “average” template compared to the high-power template was 3% or less across
all power levels tested (Table 1). Comparing the average image generated without registration
to the average image generated when each of the two templates were used shows that there
was an improvement in NV of between 0.2% and 1.9% when the “average” template was
used for registration. When the “ideal” template was used for registration, an improvement of
between 1.4% and 3.4% was seen, compared to when no registration was performed before
averaging (Table 1).

For vasculature, images were aligned either by using an “average” template, as described
above, or a manually selected single template (Fig. 7). Comparing NV for the two sets of
average images (Table 2) revealed that using the unregistered average as the template for
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registration resulted in less than a 3.4% decrease in image quality, in the worst case,
compared to using a template based on a single image. For two of the image series, using the
“average” template resulted in a 1% improvement in the NV value. Comparing the average
image generated without registration to the average image generated when each of the two
templates was used shows that there was an improvement in NV of between 4.6% and 12.0%
when the “average” template was used for registration. When the single-image template was
used for registration, an improvement of between 3.0% and 13.0% was seen, compared to
when no registration was performed before averaging (Table 2).

A B

Fig. 5. Ideal versus average template comparison for images of RPE. Comparison of
registration to an unregistered average image (A, C, E) versus image registration to an ideal
template image (B, D, F). Laser powers used to collect 150 images for averaging were 6.2 mW
(A), 3.2 mW (C), 2.1 mW (E). To reveal image content better, images were brightened as
described in Methods. Ideal template images used for registration in (B, D, F) were collected
with laser power of 31mW.
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Fig. 6. Ideal versus average template comparison for images of RPE. Comparison of
registration to an unregistered average image (A, C) versus image registration to an ideal
template image (B, D). Ideal template images used for registration in (B, D) were collected

with laser power of 31mW. Laser powers used to collect 150 images for averaging were 1.5
mW (A, B), and 1.0 mW (C, D). To reveal image content better, brightness of images was

increased as described in Methods.

Received 5 Apr 2016; revised 11 Jun 2016; accepted 11 Jun 2016; published 20 Jun 2016

#262591
1 Jul 2016 | Vol. 7, No. 7 | DOI:10.1364/BOE.7.002671 | BIOMEDICAL OPTICS EXPRESS 2683

(C) 2016 OSA



Fig. 7. Average images of capillary fluorescence after injection of fluorescent dye. A, C, E, G)
Average images created after images were registered using the unaligned average image as the
template. B, D, F, H) Average of collected images using a single manually selected image as
the template. A and B included 10 images. C and E included 5 images. E and F included 20
images. G and H included 40 images.
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Table 1. Normalized variance of RPE image averages® under differing registration

conditions
Laser power Registration
(mW)
None Template
Average Single-image®
NV SNR NV SNR ANV (%)° NV SNR ANV (%)° Template ANV (%)*

6.2 0.470 89.9 0479  99.0 1.9 0.476 985 1.4 0.5
32 0.415 489 0419 519 0.9 0423 551 2.1 1.1
2.1 0.307 419 0308 423 0.4 0316 42,6 2.7 23
1.5 0.255 384 025 399 0.4 0263 404 34 3.0
1.0 0.267 323 0268 333 0.2 0273 362 2.0 1.8

*Average of 150 images

°31 mW

“Percent change in NV relative to no registration — bold denotes significant change
Percent change in NV between Average and Single-image template-based averages — bold denotes significant
change

Table 2. Normalized variance of retina vessel image averages under differing registration

conditions
Image Set" Iil;g;s Registration
None Template
Average Single-image”
ANV 0/\y Template ANV
NV SNR NV SNR %) NV SNR ANV (%) (%)’
a 9 0.514 256 0.546 256 6.2 0.551 256 7.1 0.9
b 5 0.962 256 1.052 256 9.3 1.088 256 13.0 34
c 20 1.493 256 1.561 256 4.6 1.537 256 3.0 -1.5
d 40 0.562 221 0.629 200 12.0 0.622 226 10.7 -1.2

“Corresponds to the row in Fig. 4 and Fig. 7
*Manually selected
YPercent change in NV relative to no registration — bold denotes significant change
“Percent change in NV between Average and Single-image template-based averages — bold denotes significant change

3.3 Registration performance

The ability of the registration algorithm to converge to a satisfactory compensation of motion
has previously been defined as obtaining a Pearson correlation between the target and
template image of 0.85 or greater [29]. For each data series of RPE and retina vasculature, the
Pearson correlation between every template and target was measured, and for each set of
images the mean and standard deviation of the Pearson correlation was calculated. Based on
having an average Pearson correlation of at least 0.85, registration is successful for image
data sets of RPE for laser-powers of 6.2 mW, 3.2 mW, and 2.1 mW (Table 3). Registration
was successful for all image data sets of retina capillaries (Table 4).

3.4 Compensated motion magnitudes

If the registration algorithm successfully converges, the optimized parameters can be used to
describe the amount of motion that is occurring between the template and target image [29].
Therefore, this analysis was performed to describe the the average displacement between
pixels in the template and target image across all images in each data series (Table 3, Table
4).
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Table 3. Template to target Pearson correlation and pixel displacement of RPE images”

Laser
power Registration Template
(mW)
Average Single-image”
Pearson Correlation Pixel dlgplacement Pearson Correlation Pixel d1_sp lacement
(pixels) (pixels)
Mean Std. dev. Mean Std. dev. Mean Std. dev. Mean Std. dev.
6.2 0.95 0.00 1.08 0.57 0.94 0.01 4.50 0.92
32 0.88 0.01 0.94 0.42 0.86 0.01 5.24 0.46
2.1 0.87 0.01 0.76 0.44 0.86 0.01 1.57 0.60
1.5 0.83 0.01 0.73 0.41 0.80 0.01 2.73 0.48
1.0 0.80 0.01 0.66 0.44 0.75 0.01 1.99 0.54
150 images per series
31 mW

Table 4. Template to target Pearson correlation and pixel displacement of RPE imagesa

Image  Num. Registration Template

Set" Images
Average Single-image*
Pearson Correlation Pixel Ei;is)l(aé?;:)ement C(I::rzrlz(:ir:)n dispi’;:;lnent
(pixels)
Mean Std. dev. Mean Std. dev. Mean  Std.dev. = Mean 3:\11
a 9 0.99 0.00 2.88 1.52 0.99 0.00 3.54 1.94
b 5 0.98 0.00 5.34 1.19 0.98 0.01 7.21 1.40
c 20 0.99 0.00 1.77 0.46 0.97 0.01 3.44 0.96
d 40 0.98 0.00 2.85 1.49 0.97 0.01 3.75 2.03

“Corresponds to the row in Fig. 4 and Fig. 7
*Manually selected

3.5 Diminishing returns of adding more images to the averaged image

TPM was used to collect 150 images of RPE cells at laser powers of 1.5 mW, and 1.0 mW.
Each set of images was averaged together to investigate the effect of the number of images
included in the average on the resulting image quality and the amount of improvement in
image quality afforded by adding even more images into the average. However, upon
averaging images, the intensity range and variance is decreased compared to the individual
images, as a result of the smoothing that occurs with averaging. So, NV and SNR values for
image averages computed from different numbers of images are difficult to compare. To
overcome this and plot the effect of increasing the number of images included in an average
image, we normalized the SNR by the NV for the averaged image. By dividing the SNR by
the NV, this quantity takes into account the smoothing that occurs upon averaging and allows
the quality of average images created with differing number of single images to be compared.
This value was plotted versus a varying number of images which are included in the average.
Data is shown for images collected with 1.5 mW and 1.0 mW (Fig. 8). Each datapoint shows
the mean and standard deviaton of five random accumulations from the given image series.
For both laser-power levels, as more images were included in the average, the improvement
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in image quality decreased and eventually leveled-off (Fig. 8). Very little image quality was
gained after including approximately 40 images in the average.

180
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Number of images included in average

Fig. 8. Image quality as between 1 and 150 images were included in the image average data
series collected with 1.5 and 1.0 mW. Image quality is calculated as SNR/NV . Images were

registered to the unregistered average image. Vertical bars indicate standard deviations of five
random accumulation trials for a given number of images.

4. Discussion

The present work demonstrates the ability to image RPE cells with low laser powers and
retina capillaries in vivo using two-photon fluorescence microscopy, without reflectance
imaging hardware. Previous studies involving in vivo two-photon fluorescence imaging of the
retina relied upon reflective imaging hardware [21-25, 27, 28]. However, using reflectance
imaging requires incorporation of (a) additional light sources which in turn diminish the
allowable power of laser light for TPM, and (b) optical components to couple the reflectance
imaging light source and detector which complicates the system and can introduce unwanted
dispersion. The current work also shows the behavior of the method and resulting data for
laser powers ranging from 6.2 mW down to 1.0 mW, and RPE structure is distinguishable in
image data collected with 1 mW laser power.

In real-world applications, the option to obtain an ideal or favorable template for image
registration at high laser powers is not feasible [14]. For example, in the average image
shown in Fig. 7(D), perturbations that were present in the single-image template used for
registration are evident by the distortions in the the large vessels. Using a template comprised
of the non-registered average reduces but does not eliminate the distortions in the final
average image (Fig. 7(C)).

It is important that the collected data contain the information needed to register images
without high radiation exposures. To obtain a highly fluorescent individual image of RPE to
use as an ideal template for each data series, a single image was collected at 31 mW of laser-
power. In contrast, imaging the retina vasculature at the 5 mW laser-power with FITC-BSA
injection produces high fluorescence for all images collected, allowing any image in a data
series to be used as a template and without the need to collect a separate image at higher laser
power. The current results indicate that an ideal template image is not required to improve
image quality through averaging after registration. An unregistered average of a set of images
can suffice as a template to improve image quality compared to the unregistered average. At
laser powers of 3.2 mW and below, registration of images using the unaligned average image
as the template does not provide quantitatively significant improvement of the final image
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compared to averaging images without registration. However, for images collected of RPE at
6.2 mW and retina capillaries at 5 mW, using the unaligned average as the template provides
significant improvement. This includes the instance of the maximum observed displacement
of 10 um. This suggests that such motions do not preclude the use of an unregistered average
image as the template, if individual images contain sufficient structural detail. With larger
movement amplitudes than observed in the current data sets, using the averaged image as the
template could have decreased efficacy. One possible solution to this problem would be an
iterative approach wherein the resulting registered averaged image is used as the template for
a subsequent round of registration and averaging.

Due to the decreasing levels of signal in the low power two-photon fluorescence images,
the performace of the registration algorithm to successfully compensate motion was
investigated. It was previously shown that if the algorithm obtains a Pearson correlation
between the target and template image of 0.85 or greater, the method can be said to have
successfully determined and compensated the motion between images [29]. By this metric,
the registration algorithm was successful for all image sets, except for the lowest laser powers
of 1.5 mW and 1.0 mW. Interestingly, when using an ideal template for registration, a
significant improvement in image quality is achieved compared to averaging the 1.5 mW and
1.0 mW images without registration. This indicates that metrics complementary to the
Pearson correlation could be investigated for indicating successful registration. The
registration algorithm was able to successfully compensate large motions. It successfully
compensated when the average pixel displacement between template and target was 7.2 pixels
(13.7 um). This indicates that observed failures of the algorithm to converge are not due to its
ability to compensate large motions, but more likely due to the low signal found in images
collected with 1.5 mW and 1.0 mW of laser-power. The amount of motion measured between
template and target images was greater when an unregistered average image was used as the
template, compared to using a single image.

The present method used for registration was developed and tested for use with two-
photon fluorescence imaging, and, specifically, neuronal imaging, although it is a generally
applicable method [29]. Previous studies of in vivo fluorescence retina imaging [13, 14, 21—
25] use a common registration method [26]. However, this method [26] performs best when
correcting horizontal distortions and does not handle torsional or rotational distortions [14,
25], because it relies upon maximizing the cross correlation between wide horizontal strips of
image. The currently used method [29] can freely compensate in the horizontal and vertical
direction within an imaging frame as needed, making it suitable in the presence of both
translational and rotational intra-frame distortions. Further, the current method was explicitly
tested and demonstrated to be robust under noisy conditions [29], which was especially
pertinent to the present study as laser power was reduced.

Due to movements during data collection, image registration provides an improvement in
the average image compared to the average of non-registered images. Sources of movement
in the present study include heartbeat and breathing. These result in oscillatory motions that
are small compared to the image frame. However, the registration method begins by
performing a global rigid registration, so translational motion would also be taken into
account, if present [29].

The registration algorithm relies upon identifying common features between the template
and image of interest. However, as the laser power is reduced to 1.5 and 1.0 mW, the
observable features significantly decrease compared to those obtained at higher laser powers.
Thus, it was unclear if the lower laser power images would contain sufficient information for
the image registration algorithm to make a difference. Our results indicate that even with few
qualitatively observable features in individual images (see Fig. 2 and Fig. 3, left-side images),
the algorithm can effectively (based on Pearson correlation) register images to a template,
and, upon averaging images, biological structures are identifiable which were not so within
individual images (compare left- versus right-side images in Fig. 2 and Fig. 3), and significant
improvement in average image quality can be achieved (see Table 1, second to last column on
the right). These results complement previous work [13, 20-22] in demonstrating the
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importance of image registration and averaging to maximize information content derived
from an in vivo two-photon fluorescence imaging data set.

Signal averaging is a powerful tool for improving the signal-to-noise levels in images.
However, as more images are averaged, the improvement in image quality diminishes.
Biophysical methods such as cryo-electron microscopy can collect millions of particle images
for averaging [45], but unfortunately, this is not possible when imaging live biological
specimens. Photobleaching and photodamage are of particular concern when imaging light-
sensitive tissues such as the retina [46, 47]. Additionally there are constraints about how long
non-anaesthetized subjects can remain stationary. Thus, it is critical to determine the effect of
collecting additional images on the amount of information gained. Our results show that in
TPM little additional information is gained by collecting more than 40 images for laser
powers of 1.5 mW and 1.0 mW. The more rapid decrease in image quality improvement seen
with low laser power indicates that features are more masked by noise as compared to images
collected at higher-laser power.

The current study focused on the retinal capillaries as well as RPE. Both have been
implicated in the development of a number of important retinal diseases. The retinal
vasculature has long been recognized as major site of pathology in diabetic retinopathy [48]
and AMD [49], whereas RPE has been recognized to play important roles in models of retinal
degeneration and with defects in retinoid cycle [1]. In addition, a recent study [50] implicated
the RPE also in the development of lesions that are characteristic of diabetic retinopathy. The
instrumentation and methodology described in the present work can be used to assess the
impact of drugs on these pathologies.

There are no established maximum permissible exposure (MPE) limits for a mouse eye.
Considering differences between numerical apertures (NA) of human and mouse eyes, MPEs
can be assessed for imaging mouse eye by using ANSI limits established for humans and
dividing them by the squared ratio of mouse eye NA to the human eye NA [51]. Thus, mouse
MPE are expected to be about 5 times lower than human MPE. Based on these assumptions
and imaging conditions with 750 nm excitation, ImW and 72 s exposure, light levels were 3
times higher than safe estimates based on the scaled ANSI limit for humans.

If two-photon fluorescence imaging will be utilized clinically, the capability to image
biological structures with low laser power is essential [13, 15—18]. The current and prior [13,
20-22] work indicate image registration and averaging will be an essential component of
deriving images with clinically significant information.
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Appendix figures

Fig. 9. High laser-power images collected at 31 mW. A, B, C, D, E) correspond with the RPE
images collected at 6.2, 3.2, 2.1, 1.5, 1.0 mW, respectively.
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